Turbulence in wind velocity presents a major factor for modern wind turbine design as cost reduction as are sort for the dynamic structures. Therefore this paper contains a parametrisation of the turbulence intensity at given sites, relevant for the calculation of fatigue loading of wind turbines. The parameterisation is based on wind speed measurements extracted from the "Database on Wind Characteristics" (www.winddata.com). The parameterisation is based on the LogNormal distribution, which has proven to be suitable distribution to describe the turbulence intensity distribution. Φ(x ;a 1 , a 2 ) = LogNormal distribution
NOMENCLATURE

INTRODUCTION
This paper follows an earlier study presented to a major conference [Hansen and Larsen 2003] 1 to which some revision has been made for hardcopy access. Because turbulence is an intricisic characteristic of wind, and since turbulence intensity is the main driver for fatigue loading, it becomes a major feature in wind turbine design as structures become more dynamic and lightweight for cost reduction.
Wind turbine fatigue load cases as calculated to a standard [IEC 61400-1] 2 and from this standard the design wind climate may be classified into a limited number of wind categories according to differences in local terrains. Of particular importance is the turbulence intensity as function of the wind speed. This is important because of the close relationship between fatigue damage on a wind turbine and the wind field turbulence characteristics. Wind turbine operation is simulated using a synthetic wind time series with a particular value of turbulence intensity applied to each wind speed bin.
According to previous analysis [Larsen 2001 ] 3 Finally, the quantiles in the estimated turbulence intensity distributions, corresponding to the specified design turbulence intensities in the IEC 61400-1 standard, are determined and assessed by means of a simple heuristic load model.
METHOD
The basic quantity used in this analysis is the measured turbulence intensity ti 10 expressed by
where is the standard deviation of the wind speed, and V 10 is the mean wind speed, both with reference to the same 10 minute period.
Signal De-trending
ti 10 may include a (trend) contribution from the mean level shift between two succeeding observation periods and this trend, which can be of a significant size, is removed before the analysis can take place. The trend is assumed to be liner during the measuring period T (in the present analysis equal to 600 s) according to:
The slope, k, is fitted with a least square method, and the de-trended turbulence intensity, ti k , is defined in:
Subsection 2.4 demonstrates the importance of this de-trending. 
LogNormal Distribution
The definition and implementation of the LogNormal distribution are given in Larsen [2001] 3 and this paper only resumes the definition in:
where Φ is the normal distribution. The LogNormal distribution is thus defined in terms of the two parameters (a 1 , a 2 ). The mean value µ k and the standard deviation σ k of the LogNormal distribution can be expressed in terms of the parameters a 1 , a 2 as:
Normal Score Method
The implementation of the Normal Score plot method is described in Larsen [2001] 3 .
Estimation of the turbulence intensity LogNormal distribution parameters is based on detrended turbulence intensity values, ti k , each representing an observation period equal to 600 seconds, and the population of available turbulence intensity values is defined by a binning in the mean wind speed with a bin size of 1 m/s. The regression factors for the estimates of a 1 and a 2 are higher than 0.99, when using the available large populations.
Example
The applied procedure for the analysis is illustrated in Figure 1 . The estimated LogNormal parameters (a 1 , a 2 ) are listed in Table 1 , based on the "trended"
(raw signal) and the de-trended time series, respectively.
The single de-trending reduces the mean turbulence intensity level considerably (11%) at this site, but please note that the chosen example reflects the Atlantic weather system, which is charecterised by relatively frequent front passages. De-trending of wind speed measurements recorded at on-shore sites in the northern part of Europe reduces the turbulence intensity with 4-6%.
DATA MATERIAL
All the statistics, which are used for the analysis, are extracted form the Internet wind pastoral, coastal, complex and offshore), and 2) that each selected site offers sufficiently long periods of wind field measurements and a suitable spatial resolution (more than one year and more than 3 different measuring levels). Wind field measurements from the following sites have been included in the analysis:
CHARACTERISING TURBULENCE INTENSITY FOR FATIGUE LOAD ANALYSYS OF WIND TURBINES
Only measurement from sectors with an almost uniform roughness have been included, and at coastal sites only measurement from the "sea" direction has been included in the analysis.
ANALYSIS
Initially all available time series, represented in Table 2 , have been processed and the purpose is to categorize the turbulence intensity in terms of the values µ k , σ k -as function of the mean wind speed and measuring height. The mean turbulence behaviour corresponds to expected, but the results present some of the site specific characteristics.
Categorisation of Turbulence Intensity
All the estimated values (µ k , σ k ) are plotted as function of the wind speed for each site on Figures 3 and 4, where each curve represents one measuring level. The mean turbulence intensity µ k decreases with height, while the standard deviation σ k is more independent of height and site.
1. Figure 3a) , site = Cabauw is based on a limited number of observation (600 hours).
The mean turbulence intensity µ k increases slightly with the wind speed, while the turbulence intensity standard deviation σ k decreases. The mean turbulence intensity µ k depends strongly of the height, while the σ k values converges for increasing wind speed and heights.
2. Figure 3b ), site = Nasudden is based on 2000 hours of measurements and the mean turbulence intensity µ k increases for increasing wind speed above 12 m/s, and σ k increases with increasing height.
3. Figure 3c ), site = Skipheia is based on 6000 hours of measurements, primarily from an offshore direction. The mean turbulence intensity µ k increases with speed, while σ k is indifferent to the height.
4. Figure 4a ), site = Oak Creek is based on 2000 hours of measurements in complex terrain. The mean turbulence intensity µ k decreases with increasing wind speed, but is less sensitive to a height variation.
5. Figure 4b ), site = Lysekil represent approximately 12.000 hours of measurements from a limited complex terrain sector in the Swedish archipelago. Both mean turbulence intensity µ k and standard deviation σ k decreases with the wind speed.
The plot reflects the large number of observations.
6. Figure 4c ), site = Horns Rev is based on 12.000 hours of "trended" measurements.
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2 While no time series are available, de-trending has been impossible. The weather system at this site corresponds slightly to Skipheia (North Sea/North Atlantic Sea) and the mean turbulence intensity should be reduced by 5 -10%. The offshore and coastal turbulence is characterized by less scatter in both µ k and σ k at low wind speeds compared to on-shore turbulence.
Turbulence Intensity Profiles
A validation of the turbulence intensity profile according to the BL formulation failed, but a power law formulation based on z 0 and the profile exponent p has been establish (7).
(7)
A preliminary investigation of the mean turbulence intensity profile for 3 sites (Cabauw, Skipheya and Horns Rev), with respect to z 0 , indicates a significant power law dependence as formulated in (7) with an exponent of the order p ≈ 0.4. 
Distributions
Design Turbulence Intensity
A representative design turbulence intensity can be calculated on a rational basis using a procedure formulated in [Larsen 2001] 3 . This procedure, which basically assumes that the fatigue loading is purely generated from the stochastic part of the wind field, has been adopted in the present study. However, according to [Larsen 2001] 3 , it can be shown that even in case of the more realistic situation, where the load pattern in addition to the stochastic contribution also contain a (periodic) deterministic component, the design turbulence 
RECOMMENDATIONS
• To obtain suitable distributions of the turbulence intensity at sites with different or varying sectional roughness lengths, it is necessary to measure the turbulence (time series) during at least 1 year.
• Signal de-trending has to be included, because the trend may contribute significantly to the turbulence intensity, and because the trend is site dependent.
• The measured turbulence profiles do not agree well with the standard BL assumptions according to our analysis. Therefore we recommend that a detailed validation of the BL formulation or of (7) is performed, with respect to the wind speed, in order to improve the present standards.
CONCLUSION
A method for estimating design turbulence intensity as function of the wind speed has been demonstrated on turbulence measurements recorded at 6 different site location.
The analysis has demonstrated that signal de-trending reduces the mean turbulence intensity up to 11 % depending on site characteristics. The design turbulence intensity as function of wind speed has been estimated for a number of potential wind farm location. The quantiles of the design turbulence intensities, derived from a formalism derived in [Larsen 2001 ] 3 , has been identified and seems to be more than 80% for a conservative S-N curve slope 
